Introduction
============

In recent years, environmental epidemiologists have turned their attention to the potential health effects of exposure to nature. Exposure to nature is thought to affect health in several ways. Natural environments may promote health by providing opportunities for routine and recreational physical activity.[@b1-ijwh-9-133] They may have a therapeutic effect on mental health.[@b2-ijwh-9-133] They may facilitate social interactions and social cohesion, demonstrated to provide benefits to health.[@b3-ijwh-9-133] Vegetation may also lower harmful exposures, for example, by filtering air pollution,[@b4-ijwh-9-133] buffering noise,[@b5-ijwh-9-133] or alleviating thermal discomfort.[@b6-ijwh-9-133] In concert, these effects could help produce healthier pregnancies and better birth outcomes.

In scientific analyses, exposure to nature is often conceptualized as exposure to vegetation, hence the development of a literature concerned with greenness or green space. So far, studies have provided some evidence for a positive association between greenness exposure and physical activity, weight, heart disease, mental health, and developmental outcomes, among others.[@b2-ijwh-9-133] Some of these topics have received greater attention than others, and the evidence on a relationship between greenness and maternal health and birth outcomes is still developing. Researchers continue to attempt to isolate the effects of nature from socioeconomic status and to disentangle it from other constructs related to the contextual environment, such as walkability, perceived safety, access to destinations, and more. This paper reviews the evidence to date on greenness and maternal health and birth outcomes and suggests future research directions.

Methods
=======

MEDLINE (PubMed) and Embase were searched for relevant studies, with the final search for inclusion conducted on September 30, 2016. Titles and abstracts were searched for two groups of terms: 1) exposure: "greenness" or "green space" and 2) outcome: "birth outcomes", "preterm birth", "premature birth", "low birth weight (LBW)", "intrauterine growth retardation", "small for gestational age (SGA)", "pregnancy outcomes", "maternal outcomes", "reproductive outcomes", "preeclampsia", "gestational diabetes", "spontaneous abortion", "pregnancy loss", "maternal depression", "postpartum depression", or "peripartum depression". The search was further limited to studies in humans and those available in English.

Identified titles and abstracts were screened for relevance. The study included articles that presented original research including primary data analysis such as cross-sectional, cohort, or ecological studies and reported at least one measure of association for exposure to greenness or green space and one or more of the outcomes of interest. Articles without original data, such as reviews or commentaries, articles that presented greenness as part of a composite exposure rather than independently, and articles that did not report on outcomes of interest were excluded. All articles were screened by one reviewer and any questions about article inclusion were resolved through discussion among the authors. In addition, this study reviewed the reference lists of included reviews and other relevant publications for studies that were not identified in the searches. After the initial screening of titles and abstracts full texts were further reviewed for relevance, applying the same inclusion criteria. Data were extracted on the first author and publication year, study population (including country, population size, and year\[s\] of enrollment), study design, exposure, outcome(s), whether the study assessed effect measure modification or mediation, and the main findings. All articles were abstracted by one reviewer and checked by another.

Results
=======

After duplicates were removed, the initial search yielded 16 articles. Of these, three were excluded -- two based on study design (one review and one commentary) and one for lack of a relevant outcome. One study was further excluded while reviewing full texts for lacking an exposure measure of interest, and two additional articles were identified from publication reference lists. Details of the search are presented in [Figure 1](#f1-ijwh-9-133){ref-type="fig"}.

Ultimately 14 relevant articles were identified. [Table 1](#t1-ijwh-9-133){ref-type="table"} presents an overview of the included studies. The studies on this topic dealt with a defined set of outcomes, including birth weight, gestational age, preterm birth, head circumference and infant mortality, and among mothers, gestational diabetes, preeclampsia, and peripartum depression. Most studies took advantage of birth cohort data in analyzing associations between maternal address and maternal and infant health; however, most of these studies were cross-sectional, defining exposure based on residence at the time of birth, and were unable to explore how long the exposure had been present, if at all, before the outcome occurred. Many studies, but not all, were able to adjust for maternal age, smoking and alcohol use, and individual or area socioeconomic status.

Exposure metrics
----------------

To assess greenness or green space exposure, researchers generally used one or both of two strategies. The first, the predominant greenness exposure metric, involved characterizing vegetative density around participants' home addresses or within an administrative unit (eg, Census tract) using remotely sensed greenness information. These data came from vegetation indices, predominantly the Normalized Difference Vegetation Index (NDVI). Such vegetation indices, derived from satellite imagery, measure the light reflected and absorbed from the earth's surface during photosynthesis, arriving at an estimate of vegetative density. This information can be used to characterize greenness at varying spatial and temporal scales. In the studies that were reviewed, researchers used different spatial contexts to evaluate greenness; for example, some studies analyzed residential greenness by computing vegetation levels within buffers around a geocoded residential address (between 50 and 1,250 m), whereas others analyzed vegetation levels within an administrative unit. In addition, studies varied as to the timing of exposure during which they characterized greenness (at a single moment or averaging over a specific duration).

The other approach researchers took to characterizing greenness, less commonly used or used in tandem with the NDVI metric, was to quantify "green" land uses within a certain proximity to the residence or within a given administrative unit. This technique was applied differently depending on data sources available, but typically involved analyzing local land use files, which classify land parcels according to their predominant use. Qualifying land uses included parks, forests, recreation areas, sports fields, golf courses, etc; researchers assigned exposure values based on the proximity of such green land uses to the residence, or the proportion of green land uses within an administrative boundary or defined buffer distance around the residence. Some studies considered both vegetation index and land use approaches.

Vegetation indices such as NDVI are available at varying spatial and temporal resolutions. The most commonly accessed sources provide a spatial resolution of 30--250 m every 16 days. Within each study, authors generally used data from a single time point that captured the maximum variability in greenness for their population of interest. The time points chosen for each study therefore varied depending on the climate and geography where study participants lived, but all studies that took this approach relied on values measured between June and October. One study, by Casey et al, assigned each subject the average NDVI value of the three seasons prior to the child's birth.[@b7-ijwh-9-133] In contrast to studies that relied on a single measure of peak greenness, this approach to exposure characterization allowed for the incorporation of seasonal changes in greenness.

To assign individual exposures, studies most commonly assigned the average value of the vegetation index within one or more buffer sizes around a participant's home. The varying buffer sizes used to characterize greenness captured different neighborhood definitions. For example, a smaller buffer size may capture the environment immediately visible outside a person's home, while a larger buffer size may capture an average walkable area.[@b2-ijwh-9-133] Many studies considered a range of buffer sizes in their analyses.

A question that has persisted in this research area concerns whether greenness metrics capture the quality of a given area, for example, whether a green space is safe, clean, pleasant, etc, or whether participants make use of it or not. The papers summarized in this review did not particularly address these concerns by incorporating environmental quality (eg, through environmental assessments) or participant use of green spaces (eg, through surveys).

Maternal health outcomes
------------------------

Relative to the literature on birth outcomes, greenness studies that considered maternal prenatal or peripartum health were few. Only three papers identified by the search discussed maternal health outcomes.[@b8-ijwh-9-133]--[@b10-ijwh-9-133] These studies examined associations between greenness and gestational diabetes, preeclampsia, and peripartum depression. There appeared to be no association between greenness and gestational diabetes, and only a suggestive association, if any, between amount of greenness and preeclampsia in these studies. There did appear, however, to be a positive association between increasing greenness and odds of maternal depression in one study.

### Gestational diabetes

Among women in Los Angeles and Orange counties, California, who gave birth in 2007 or 2008, there was no statistically significant relationship between the amount of green space area in a ZIP code and the prevalence of gestational diabetes, in either unadjusted or adjusted models; however, this analysis did not adjust for maternal health and lifestyle factors such as diet, smoking, and alcohol use.[@b10-ijwh-9-133]

### Preeclampsia

Among women in Los Angeles and Orange counties, California, who gave birth in 2007 or 2008, there was no statistically significant relationship between the amount of green space area in a ZIP code and the prevalence of preeclampsia, in either unadjusted or adjusted models. However, there was a suggestive protective effect of the amount of green space on the prevalence of preeclampsia; for each km^2^ increase in green space in a ZIP code, the prevalence ratio for preeclampsia (per 100,000 individuals) decreased by 18% (*P*=0.077). This ecological analysis was unable to adjust for maternal health and lifestyle factors such as diet, smoking, and alcohol use.[@b10-ijwh-9-133] Laurent et al considered neonatal records from four hospitals in Los Angeles and Orange counties between 1997 and 2006 in their retrospective cohort study on greenness and preeclampsia.[@b8-ijwh-9-133] In buffers of 50, 100, or 500 m around participants' home, there was no association between an interquartile range increase in NDVI and the risk of preeclampsia (odds ratio \[OR\] for 100 m buffer: 0.97, 95% confidence interval \[CI\] 0.93, 1.01).

### Peripartum depression

In a 2015 study, McEachan et al studied a birth cohort in Bradford, England, of 12,453 mothers between 2007 and 2011 and examined the association between greenness around participants' homes and peripartum depression.[@b9-ijwh-9-133] They analyzed the relationship between greenness in radii of varying sizes around the residence and severe depression symptoms based on the General Health Questionnaire. They found that within buffers of 100, 300, and 500 m, those in the greenest quintiles had a statistically significantly reduced risk of peripartum depression compared to those in the least green quintile. The authors were able to adjust for a range of behavioral and socioeconomic factors including cohabitation status, financial struggles, smoking, alcohol use, and physical activity. When they replicated this analysis instead using the presence of a major green space (5,000 m^2^) within 300 m of the home address as the exposure of interest, they again found that the odds for peripartum depression for those in proximity to a major green space were reduced (OR 0.87, 95% CI 0.770, 0.995).

Infant health outcomes
----------------------

Twelve studies considered the relationship between greenness and infant health outcomes, including gestation length, preterm birth, continuous birth weight, LBW, and SGA.[@b7-ijwh-9-133],[@b8-ijwh-9-133],[@b11-ijwh-9-133]--[@b20-ijwh-9-133] Outcome data were gathered from birth certificates or clinical examinations. Greenness was generally associated with higher birth weight and lower odds of LBW, but associations between greenness and gestation length or preterm birth were mostly null.

### Birth weight

Birth weight was the most commonly investigated neonatal outcome in studies of greenness. There was a consistent trend toward a positive relationship between greenness and birth weight across multiple countries, although the magnitude of effect sizes was relatively small, suggesting a weak association.

Most studies of birth weight accounted for gestation length, most commonly by adjusting for it in regression models. In a study of infants born in Canada, Hystad et al observed birth weight was 20.4 g higher for each 0.1 unit increase in NDVI in a 100 m buffer around the postal code centroid.[@b18-ijwh-9-133] Exposure was assigned using mother's addresses across the full duration of pregnancy, and the authors adjusted for maternal socioeconomic status and smoking, which may be important confounders in the relationship between greenness and birth weight. Studies in the United Kingdom[@b14-ijwh-9-133] and Spain[@b13-ijwh-9-133] found similar estimates of higher birth weight in greener areas, between 16 and 44 g per interquartile range increase in NDVI depending on the buffer size. These studies were able to adjust for a variety of potential confounders including maternal behaviors such as smoking and alcohol use. However, they relied on a single measure of exposure based on address at time of delivery. Studies in the United States,[@b8-ijwh-9-133] Israel,[@b11-ijwh-9-133] and Germany[@b20-ijwh-9-133] also reported statistically significantly higher birth weights in greener areas, with effect sizes ranging from 3.2 to 19.2 g heavier for an interquartile range increase in greenness. Not all studies that assessed the relationship between greenness and birth weight observed associations: studies of babies born in Lithuania,[@b17-ijwh-9-133] Spain,[@b12-ijwh-9-133] and the United States[@b7-ijwh-9-133] did not find any statistically significant relationship. The study conducted in Lithuania observed 19.8 g lower birth weight per 10% increase in greenness (95% CI −67.6, 28.1), whereas the studies in Spain and the United States observed positive but nonsignificant associations between greenness and birth weight (2--42 g higher birth weight depending on the exposure metric).

Some studies considered the dichotomous outcomes of LBW (\<2,500 g), very low birth weight (VLBW, \<1,500 g), or SGA (10th percentile or less in weight compared to babies of the same gestational age). Studies that considered both continuous and dichotomous birth weight outcomes generally arrived at results in the same direction. Consistent with their finding for continuous birth weight, Agay-Shay et al observed a statistically significant 16% decrease in the odds of LBW for an interquartile range increase in greenness; results for VLBW were in the same direction but not statistically significant.[@b11-ijwh-9-133] Grazuleviciene et al did not find any statistically significant association between greenness and LBW, with an OR of 0.97 for an interquartile range increase in all greenness measures reported.[@b17-ijwh-9-133] Overall results for the dichotomous outcome of SGA were similar to those for LBW, with studies reporting between 3% and 27% lower odds of SGA for an interquartile range increase in greenness.

Although most of the studies considered surrounding greenness, as measured by NDVI, as the exposure of interest, some studies did consider whether proximity to parks, forests, or other green spaces was associated with birth weight.[@b15-ijwh-9-133]--[@b17-ijwh-9-133],[@b20-ijwh-9-133] Results for these measures were mixed: among babies born in the United States, a greater proportion of park land near the residence was associated with 7.6% lower risk of LBW,[@b16-ijwh-9-133] and a 10% increase in tree cover was associated with a 1% reduction in the odds of SGA.[@b15-ijwh-9-133] Conversely, a study in Germany found no relationships between distance to parks or forests and birth weight,[@b20-ijwh-9-133] and one in Lithuania observed statistically significantly increased odds of LBW only for those who lived both far from a park and in a low NDVI area (OR 2.23, 95% CI 1.20, 4.15).[@b17-ijwh-9-133]

### Gestation length

Multiple studies considered outcomes related to gestation length, either as a continuous measure in weeks or dichotomized. Results were mixed, with most studies finding no statistically significant relationship between greenness and gestation length or preterm birth. In addition, although gestation length would seem to provide a pathway to birth weight, it did not appear to be the case that positive birth weight outcomes were driven by gestation length.

The most common dichotomized outcome was preterm (\<37 weeks) versus term birth, but some studies considered very preterm (\<30 weeks) and moderately preterm (30--36 weeks) birth separately. Casey et al found an inverse relationship between greenness and preterm birth in babies born in Pennsylvania cities (OR 0.78 comparing the two greenest tertiles to the least green, 95% CI 0.61, 0.99); in townships and boroughs, areas of lower population density, there were no statistically significant associations. This study assigned exposure based on the NDVI values for the seasons of gestation rather than relying on a single time point. The authors were also able to adjust for a variety of behavioral confounders (including smoking, body mass index, and antibiotic use) and environmental confounders (including well water, neighbor-hood walkability, and distance to road).[@b7-ijwh-9-133] In a Vancouver cohort, Hystad et al observed statistically significantly lower odds of moderately preterm birth (OR 0.95, 95% CI 0.91, 0.99) in greener areas, but no significant decrease in the odds of very preterm birth (OR 0.91, 95% CI 0.77, 1.07).[@b18-ijwh-9-133] Other studies conducted in Spain,[@b12-ijwh-9-133],[@b13-ijwh-9-133] the United States,[@b15-ijwh-9-133] Israel,[@b11-ijwh-9-133] and Lithuania[@b17-ijwh-9-133] found no association between greenness and preterm birth or continuous gestational age. Effect sizes in these null studies were small and inconsistent in direction, with ORs for preterm between 0.98 and 1.07, and beta coefficients for gestational age between 0 and 0.3 days.

Other outcomes
--------------

One ecological study considered the relationship between the proportion of census block total area that is natural area and a geographic cluster of infant mortality. The presence of natural areas explained only a small fraction of this cluster of infant mortality.[@b19-ijwh-9-133] This study was limited by the ecological design and the analytic approach, which focused only on one cluster of infant mortality.

Very few studies to date have assessed other anthropometric or developmental outcomes. One study assessed the relationship between Apgar score and greenness during pregnancy and observed no associations.[@b7-ijwh-9-133] Head circumference was also considered in one study; the authors reported 1.7 mm larger head circumference for an interquartile range increase in NDVI.[@b13-ijwh-9-133]

Mediation analyses
------------------

Although some studies presented results for models both adjusted and unadjusted for certain key variables, only one study conducted a formal mediation analysis. McEachan et al found that within the 100, 300, and 500 m buffers in which NDVI was assessed, physical activity was a partial but statistically significant mediator (between 5.6% and 7.8%) of the effect of greenness on peripartum depression.[@b9-ijwh-9-133]

Other studies stopped short of a mediation analysis but compared effect estimates including or excluding certain other key variables. Laurent et al presented results including estimates of traffic density and air pollutant concentrations; statistically significant associations between greenness and birth weight persisted in the 50 m buffer after adjustment for air pollutants, but not in the 100 m buffer.[@b8-ijwh-9-133] The statistically significant association between an interquartile range increase in greenness within a 150 m buffer became nonsignificant after adjustment for particulate matter (2.5 microns) or traffic density. However, the authors did find statistically significantly decreased risks within the 50 and 100 m buffers only after adjusting for NOx or CO.[@b8-ijwh-9-133] In their study, Hystad et al found a statistically significant positive relationship between NDVI and birth weight, and lower odds of moderately preterm birth in greener areas.[@b18-ijwh-9-133] These associations persisted after adjustment for other spatially correlated features such as air pollution exposure, noise exposure, walkability, and park distance; adjustment for individual and area socioeconomic status, however, attenuated the associations. Overall, these findings suggest that the relationship between greenness, pollution, and birth weight is complex and the nature of the associations may not be the same for all pollutants. The fact that associations between greenness and birth outcomes persisted after adjustment for key pollutants suggests that buffering of other harmful environmental exposures does not fully account for the observed associations.

Effect modification analyses
----------------------------

Many studies considered effect measure modification, in particular whether the relationship between greenness and birth outcomes differed across household and neighborhood measures of socioeconomic status. Results were mixed, but multiple studies found stronger associations between greenness and birth outcomes in participants or neighborhoods of lower socioeconomic status.[@b12-ijwh-9-133]--[@b14-ijwh-9-133],[@b16-ijwh-9-133],[@b20-ijwh-9-133] These findings suggest that the potential benefits of greenness on health may be strongest in more deprived areas.

Several studies observed that the relationship between greenness and birth outcomes was stronger in mothers with lower levels of education or lower household income,[@b12-ijwh-9-133]--[@b14-ijwh-9-133],[@b16-ijwh-9-133],[@b20-ijwh-9-133] suggesting that individual education and income may be important moderators of the relationship between greenness and health. These findings concur with studies of greenness and other health outcomes, which have also found stronger relationships in individuals of lower socioeconomic status.[@b2-ijwh-9-133] Effect modification by individual race or ethnicity was less clear: Dadvand et al observed a relationship between greenness and birth weight in white but not Pakistani residents of Great Britain,[@b14-ijwh-9-133] whereas in studies of residents of the United States[@b16-ijwh-9-133] and Canada,[@b18-ijwh-9-133] there were no differences in associations across racial or ethnic groups.

A total of seven studies assessed the presence of effect modification by some measures of neighborhood socioeconomic status such as a community deprivation score or median household income. Although some of these studies saw a trend toward stronger relationships in areas of lower socioeconomic status,[@b11-ijwh-9-133],[@b14-ijwh-9-133],[@b18-ijwh-9-133] the majority observed no statistically significant evidence of effect modification by area socioeconomic status.[@b7-ijwh-9-133],[@b9-ijwh-9-133],[@b10-ijwh-9-133],[@b19-ijwh-9-133]

One study also assessed potential effect modification by maternal physical activity. For example, McEachan et al tested whether the relationship between NDVI and peripartum depression differed by physical activity level, and found that the beneficial effect of greenness was stronger in those who were physically active, only in the 300 m buffer.[@b9-ijwh-9-133] There was no evidence of effect modification by physical activity in their analysis concerning proximity to a major green space.

Discussion
==========

The relationship between greenness and maternal health and birth outcomes is an emerging area of research. Studies across several countries have observed a relationship between greenness and birth weight, with babies born in greener areas likely to be heavier. Results for gestation length were less consistent, with the majority of studies finding no associations between greenness and gestation length. The majority also found no association with risk of preterm birth, although some studies did find lower odds of preterm birth among babies born in greener areas. Only three studies considered maternal outcomes, such as preeclampsia or gestational diabetes. The two studies reviewed on this topic generally did not find statistically significant associations; however, one study identified a relationship between higher greenness and reduced odds of preeclampsia. One study also found that increased greenness was statistically significantly associated with lower odds of peripartum depression. This finding was consistent with a larger body of literature suggesting that greenness may be associated with lower risk of depression and distress in diverse populations.[@b2-ijwh-9-133] Overall, the results of existing studies suggest that greenness may be positively associated with desirable neonatal outcomes such as birth weight and gestation length and that greenness may be associated with lower odds of detrimental maternal outcomes, particularly peripartum depression, though only one study considered this association.

In studies that were able to evaluate effect modification, there was suggestive evidence that the relationship between greenness and health may be stronger in people of lower socioeconomic status. Only one study evaluated effect modification by maternal behaviors and observed the relationship between greenness and health was stronger in physically active mothers. Many studies had relatively few cases and therefore limited power to assess effect modification, so findings should be interpreted cautiously and further research is needed. Few studies addressed mediation.

Most studies relied on exposure characterized at a single point in time (usually based on residence at the time of birth). This approach may not represent exposure through the duration of pregnancy, particularly if mothers moved residences. Only one study considered seasonal variations in greenness in their exposure characterization.[@b7-ijwh-9-133] Given relatively fine temporal resolution at which vegetation indices such as NDVI are available, the impact of seasonal variations in greenness on pregnancy outcomes represents an important and accessible area for future research. A more nuanced exposure characterization would also allow for the exploration of critical periods of exposure during pregnancy.

The relationship between socioeconomic status, race/ethnicity, and greenness exposure is a multidimensional one. In the US, those with greater socioeconomic status, more likely to be white, may also have greater greenness exposure in cities, where such real estate is more expensive.[@b21-ijwh-9-133],[@b22-ijwh-9-133] However, in suburban or rural settings, there may be fewer associations between socioeconomic status, race/ethnicity, and greenness -- or they may run the other way.[@b23-ijwh-9-133] Even within the US, these relationships are likely to vary by geography. In cohorts outside the US, where most of the studies reviewed were conducted, the relationships between class, race/ethnicity, and greenness manifest differently. In general, the studies reviewed, across all outcomes, were able to adjust for socioeconomic status and race/ethnicity, for example, by including terms for maternal level of education or material deprivation in adjusted models. Given the complexity of the concepts and the scant availability of proxies in some scenarios, adjustment for socioeconomic status may not be complete. However, it is unlikely -- given the nature of the relationship between socioeconomic status and greenness, and the ability of most researchers to account for socioeconomic status in some way -- that socioeconomic status explains all or even most of the associations observed between greenness and health.

The relationship between the physical environment and health is complex,[@b24-ijwh-9-133] and greenness is just one component that may influence maternal health and birth outcomes. Very few studies considered other relevant characteristics of the physical environment such as walkability, perceived safety, access to destinations, or land use, either as covariates or separate exposures.[@b7-ijwh-9-133],[@b16-ijwh-9-133],[@b18-ijwh-9-133] Future research should investigate not only the relationship between greenness and health but also the interrelationships between nature and other components of the physical environment that may interact to influence health.

Although research in this area has begun to assemble an evidence base on the effects of greenness on maternal health and birth outcomes, more studies are needed to validate these results, explore other outcomes, and identify mechanisms. Although particular birth outcomes like preterm birth and birth weight have received some scholarly attention, more developmental-type assessments (eg, Apgar score) could help fill out the picture for the relationship between greenness and infant health. Similarly, despite small inroads, little is still known about the relationship between greenness and maternal health outcomes. There may be particular unexplored links between greenness and maternal mental health.

The methods these studies employ could also be improved in several key respects. Most studies in this realm were cross-sectional, and even those that occurred in prospective cohorts often only assessed greenness exposure around birth. Therefore, these studies may misclassify exposure during pregnancy and obscure the temporality of exposure and outcome. Relatedly, studies on greenness and birth outcomes should focus on critical periods; because pregnancy is a specific and temporary state, prenatal greenness exposure should consider key windows and seasonal fluctuations.

In a research area where the causal pathways remain unclear, few studies employed mediation analyses. Although some considered air pollution and other environmental features as potential mediators, physical activity, social interaction, a host of other factors may play mediating roles that could be elucidated.

Finally, as with any birth cohort study, the ones summarized in this review may be subject to selection bias. If the exposure is associated with viability, those births eligible for inclusion in a birth cohort are limited to those unaffected by the exposure during gestation -- a subject must have survived to the time of birth to be included in the study. The extent of this bias would be dependent on how likely greenness may be to influence viability. In this context, selection bias introduced via this mechanism is likely to be small, but future studies that rely on pregnancy cohorts, where mothers are followed from conception or prior to conception, rather than birth cohorts, would help address this issue.

There is growing evidence that greenness may be associated with improved birth and pregnancy outcomes. Further research is needed to understand the relevant mechanisms, and future studies should therefore consider mediation analysis, with particular attention to whether frequently studied pathways such as increased physical activity and social interaction or lower exposure to harmful environmental exposures such as air pollution and noise explain the relationships between greenness and birth outcomes. Given the evidence indicating that positive relationships between greenness and birth outcomes may be stronger in those of lower socioeconomic status, future research should continue to explore effect modification by individual and area socioeconomic status. Overall, this review indicates a potential positive relationship between greenness exposure and a number of birth outcomes in several studies, and underlines the need for more research replicating these findings and exploring their implications in more detail.
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###### 

Summary of results of included studies on greenness and maternal health and pregnancy outcomes

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference, year                                                                                            Population                                                                                                                                                            Study design      Exposure                                                                                                                                                                Outcome                          Main finding                                                                                                                                                                                                              Mediation or effect modification
  ---------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Agay-Shay et al[@b11-ijwh-9-133], 2014                                                                     39,132 singleton live births from a registry birth cohort in Tel Aviv, Israel, 2000--2006                                                                             Cross-sectional   -- Average NDVI in 100, 250, and 500 m buffers around maternal residence\                                                                                               -- BW\                           -- Interquartile range increase in greenness associated with 19.2 g increase in BW (95% CI 13.3, 25.1) and 16% decreased odds of LBW (95% CI 0.78, 0.90)\                                                                 Statistically significantly stronger associations among those of lower SES
                                                                                                                                                                                                                                                                                                     -- Residence within a buffer of 300 m from boundaries of major (\>5,000 m^2^) green space                                                                               -- LBW\                          -- No associations for gestational age, preterm, very preterm                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- VLBW\                                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Gestational age\                                                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Preterm deliveries\                                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Very preterm deliveries                                                                                                                                                                                                                                 

  Casey et al[@b7-ijwh-9-133], 2016                                                                          12,821 infants born to 10,787 mothers at a single Pennsylvania hospital, United States, 2006--2013                                                                    Birth cohort      Seasonal average NDVI in 250 and 1,250 m radii around maternal residence assigned based on seasons of gestation                                                         -- Term BW\                      In cities, but not boroughs or townships, higher greenness (tertiles 2--3 vs 1) was associated with both preterm (OR 0.78, 95% CI 0.61, 0.99) and SGA birth (OR 0.73, 95% CI 0.58, 0.97), but not BW or Apgar score       No evidence of effect modification by family SES or community deprivation
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- SGA\                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Preterm birth\                                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Apgar score                                                                                                                                                                                                                                             

  Dadvand et al[@b12-ijwh-9-133], 2012 (Green space, health inequality and pregnancy)                        8,246 births, Spain, 2001--2005                                                                                                                                       Birth cohort      -- NDVI in 100 m buffer around maternal residence\                                                                                                                      -- BW\                           None of the indicators of green exposure were associated with BW or gestational age                                                                                                                                       Associations observed among mothers with the lowest education level
                                                                                                                                                                                                                                                                                                     -- Major green space in 500 m buffer of address                                                                                                                         -- Gestational age at delivery                                                                                                                                                                                                                             

  Dadvand et al[@b13-ijwh-9-133], 2012 (Surrounding greenness and pregnancy outcomes in 4 Spanish cohorts)   2,393 singleton live births, Spain, 2003--2008                                                                                                                        Birth cohort      NDVI in 100, 250, and 500 m around maternal residence                                                                                                                   -- BW\                           An interquartile range increase in NDVI within a 500 m buffer associated with increases in BW (44.2 g, 95% CI 20.2, 68.2) and head circumference (1.7 mm, 95% CI 0.5, 2.9) but not gestational age                        -- Association between BW and greenness among infants of mothers with low and moderate education\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Gestational age\                                                                                                                                                                                                                                        -- Head circumference association was strongest in mothers with moderate education
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Head circumference                                                                                                                                                                                                                                      

  Dadvand et al[@b14-ijwh-9-133], 2014                                                                       10,780 singleton live births, United Kingdom, 2007--2010                                                                                                              Birth cohort      -- NDVI in 50, 100, 250, 500, and 1,000 m around maternal residence\                                                                                                    BW                               Positive association between BW and residential surrounding greenness; for example, an interquartile range increase in NDVI in 250 m buffer associated with 16.2 g (95% CI 1.7, 30.8) increase in BW                      -- Positive association between BW and residential surrounding greenness for white but not Pakistani participants\
                                                                                                                                                                                                                                                                                                     -- Residential proximity to green spaces living within 300 m of a green space with an area of \$5,000 m^2^                                                                                                                                                                                                                                                                                                                         -- Surrounding greenness: stronger associations for those with lower education and lower SES neighborhood, in larger but not smaller buffers

  Donovan et al[@b15-ijwh-9-133], 2011                                                                       5,696 singleton live births in Portland, Oregon, United States, 2006--2007                                                                                            Cross-sectional   Percentage tree canopy in the 50, 100, and 200 m buffers around maternal residence                                                                                      -- SGA\                          10% higher tree canopy cover associated with 1% lower odds of SGA\                                                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Preterm                       -- No association with preterm                                                                                                                                                                                            

  Ebisu et al[@b16-ijwh-9-133], 2016                                                                         239,811 babies born in Connecticut, United States, 2000--2006                                                                                                         Cross-sectional   Green space and fraction thereof (ie, forest, shrub, herbaceous, and cultivated land) within 250 m from residence based on data from the National Land Cover Database   -- BW\                           -- An interquartile range increase in fraction of green space within 250 m of residence associated with 3.2 g (95% CI 0.4, 6.0) higher BW\                                                                                -- No effect modification by race/ethnicity and SES for any outcomes\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- LBW\                          -- An interquartile range increase in green space associated with 7.6% (95% CI 2.6, 12.4) decreased risk of LBW                                                                                                           -- With less educational attainment, beneficial effect of green space for BW and LBW was stronger, but not statistically significant
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- SGA                                                                                                                                                                                                                                                     

  Grazuleviciene et al[@b17-ijwh-9-133], 2015                                                                3,292 singleton live births, Kaunas, Lithuania, 2007--2009                                                                                                            Birth cohort      -- NDVI within straight line buffers of 100, 300, and 500 m\                                                                                                            -- BW\                           -- No statistically significant associations between NDVI and BW, LBW, TLBW, SGA, preterm, gestation length\                                                                                                              For subjects with low surrounding greenness and high distance to park, increased risks for LBW (OR 2.23, 95% CI 1.20, 4.15), TLBW (OR 2.97, 95% CI 1.04, 8.45), and preterm birth (OR 1.77, 95% CI 1.10, 2.81)
                                                                                                                                                                                                                                                                                                     -- Distance to nearest city park (\<300, 300--1,000, and \>1,000 m)                                                                                                     -- TLBW\                         -- No statistically significant associations among distance to park metrics                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- LBW\                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- SGA\                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Preterm\                                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Gestation length                                                                                                                                                                                                                                        

  Hystad et al[@b18-ijwh-9-133], 2014                                                                        64,705 singleton births, Canada, 1999--2002                                                                                                                           Birth cohort      NDVI within 100 m of participants' homes                                                                                                                                -- BW\                           An interquartile range increase in NDVI (0.1) associated with higher term BW (20.6 g, 95% CI 16.5, 24.7) and decreases in the likelihood of SGA, very preterm (\<30 weeks), and moderately preterm (30--36 weeks) birth   Associations robust to adjustment for air pollution and noise exposures, neighborhood walkability, and park proximity
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- SGA\                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Very preterm\                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Moderately preterm                                                                                                                                                                                                                                      

  Laurent et al[@b8-ijwh-9-133], 2013                                                                        81,186 infants in Los Angeles and Orange counties, California, United States, 1997--2006                                                                              Birth cohort      NDVI within radial buffers of 50, 100, and 150 m around participants' home addresses                                                                                    -- BW\                           -- An interquartile range increase in NDVI associated with BW increase of 6.09 g (95% CI 3.11, 9.06) within 50 m buffer\                                                                                                  Statistically significant associations between greenness and BW persisted in the 50 m buffer after adjustment for air pollutants, but not in the 100 m buffer
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Preterm                       -- An interquartile range increase in NDVI associated with reduced risk of preterm (OR 0.985, 95% CI 0.972, 0.997) within 150 m buffer\                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              -- No significant association with preeclampsia                                                                                                                                                                           

  Kihal-Talantikite et al[@b19-ijwh-9-133], 2013                                                             Infant deaths, Lyon, France, 2000--2009                                                                                                                               Ecological        Proportion of census block total area comprised of natural area (ie, parks, forests)                                                                                    Infant mortality                 -- Spatial distribution of infant mortality high risk cluster in the south east of the Lyon metropolitan area (*P*\<0.003)\                                                                                               No evidence of statistically significant interaction between greenness and SES
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              -- Cluster disappeared (*P*=0.12) after adjustment for greenness level and socioeconomic deprivation\                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              -- Both factors had independent effect                                                                                                                                                                                    

  Markevych et al[@b20-ijwh-9-133], 2014                                                                     3,203 infants in Munich and Wesel, Germany, 1996--1999                                                                                                                Birth cohort      -- NDVI within radial buffer of 100, 200, 500, and 800 m around maternal residence\                                                                                     BW                               -- An interquartile range increase in NDVI associated with BW increase of 17.6 g (95% CI 0.5, 34.6) for 500 m buffer\                                                                                                     -- Results remained robust when additionally adjusted for noise or maternal stress during pregnancy\
                                                                                                                                                                                                                                                                                                     -- Area of green space within 500 m buffer around residence                                                                                                                                              -- Similar trend for other buffer sizes                                                                                                                                                                                   -- Stronger associations for mothers with \<10 years of education

  McEachan et al[@b9-ijwh-9-133], 2016                                                                       12,453 mothers and 13,818 infants in Bradford, England, 2007--2011                                                                                                    Birth cohort      NDVI within straight line buffer of 100, 300, and 500 m around maternal residence                                                                                       Peripartum depression            -- Pregnant women in the greener quintiles were statistically significantly less likely (18%--23%) to report depressive symptoms than those in the least green quintile (for 100 m buffer)\                               -- Association stronger in mothers with less education\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              -- Similar trend but not statistically significant within 300, 500 m buffers                                                                                                                                              -- No statistically significant effect modification by area deprivation\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        -- Physical activity was a small, but statistically significant, partial mediator (7.8%)

  Young et al[@b10-ijwh-9-133], 2016                                                                         9,692 cases of gestational diabetes and 6,288 cases of preeclampsia among births to women in Los Angeles and Orange counties, California, United States, 2007--2008   Ecological        Green space area in zip code                                                                                                                                            -- Gestational diabetes\         -- No association between green space and gestational diabetes\                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                             -- Preeclampsia                  -- For each km^2^ increase in ZIP code green space, prevalence ratio for preeclampsia (per 100,000 individuals) was 0.82 (*P*=0.077)                                                                                      
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** NDVI, Normalized Difference Vegetation Index; CI, confidence interval; OR, odds ratio; SES, socioeconomic status; LBW, low birth weight; BW, birth weight; TLBW, term low birth weight; SGA, small for gestational age; VLBW, very low birth weight.
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